This study is focused on what factor mainly affects the mechanical properties of each wood species in the lateral direction. At first, the influence of the density which is closely related to mechanical properties in the longitudinal direction was also researched in the lateral direction. Thus, the elastic modulus, strength, and failure strain in the lateral tension were measured using thin cross-sectional samples of softwoods and hardwoods, having wide varieties in the density and anatomical features. The results obtained are as follows. The linear relationship between the density and the elastic modulus which has been verified in the longitudinal direction was not observed in the lateral tension for the samples with the annual ring inclination of 90°, which samples were influenced by ray arranged parallel to the tensile direction. However, samples with the annual ring inclination of 45° showed the high correlation between the density and the elastic modulus due to the shearing deformation of the cell shape. On the other hand, the proportional relationship between the elastic modulus and strength which has been verified in the longitudinal direction was not observed in the lateral tension except for the samples with the annual ring inclination of 90°. From the results obtained, it was revealed that the mechanical properties of wood in the lateral direction were significantly affected not only by the density but also by the structural features such as deformation of cell shapes, arrangement of ray or vessels, and the degree of the transition from the earlywood to the latewood.
Introduction
Wood shows quite different characteristics in mechanical properties depending on the types of stresses given by bending, compression, tension or shearing, and depending on the load directions such as longitudinal, tangential, and radial, because wood has anisotropic properties.
In the longitudinal direction, there is a tendency that the elastic modulus increases with increasing the density not only within the same species but also between different species of wood. It was reported that the linear relationship was observed between elastic modulus and density [1] . Moreover, it was also reported that the law of mixture, expressed by the exponential or the logarithmic function which is calculated based on the complex structure for the solid of cell wall and the void, is applied to the relationship between the elastic modulus and density [2] .
On the other hand, the influence of the structural factors on the elastic modulus in the lateral direction is more complicated than that in the longitudinal direction, depending on the shape and arrangement of cells [3] [4] [5] , the amount of ray [6] , and the annual ring angle [7] [8] [9] [10] [11] . However, most of the previous studies on the lateral mechanical properties concerning about these structural factors have been progressed in the analysis of the porous structure on the model of wood [12] [13] [14] [15] [16] and the researches using a single wood species [3] [4] [5] [6] [7] [8] [9] [10] [11] . Therefore, there has been no study for quantitatively showing what factor affects mainly the mechanical properties in the lateral direction of each wood species, then comparing the mechanical characteristics between wood species.
Meanwhile, to clarify the influences of rheological properties and the anatomical feature on the deformation and fracture properties in the lateral tension of wood, tensile and creep tests were performed in water at various temperatures 1 3 using the thin cross-sectional samples of hinoki having different angles of the annual rings [17] . Then, the failure strain, elastic modulus, strength, and creep compliance were calculated from the stress-strain curves and the creep curves obtained. From the results, the arrangement of the ray and the shearing deformation of cells largely affected the lateral tensile deformation properties. The reason why these results were obtained is considered as follows. In the present method, it is possible to obtain the information about the deformation of cells in the lateral direction sensitively because samples with 0.1 mm thickness in the longitudinal direction were used. Furthermore, in the case of hinoki, the sample with 0.1 mm thickness in the longitudinal direction has 1 or 2 rays arranged in line. Therefore, if the sample is given the stress until broken, the influence of the weak point such as ray on the mechanical property in the lateral direction is clearly obtained. In addition, it is possible to know the weak point by observing the fracture surface and obtain the results reflecting the reliable strength data because only the samples fractured at their central portion between chucks are adopted to the results. The moisture and temperature conditions of each sample were also precisely made uniform due to the thinness of each sample in the longitudinal direction. From the reasons above, if the lateral tensile test of various wood species is performed in accordance with the method, we can quantitatively clarify the influences of density, shape, and arrangement of cells and structure of the annual rings on the mechanical properties of wood.
This study is focused on what factor mainly affects the mechanical properties of each wood species in the lateral direction. At first, the influence of density which is closely related to mechanical properties in the longitudinal direction was researched also in the lateral direction. Thus, elastic modulus, strength, and failure strain in lateral tension were measured using thin cross-sectional samples of softwoods and hardwoods, having wide varieties in density and anatomical features. For the results of the mechanical properties which show no relation in the density, it was discussed that what structural factors affect the mechanical properties in the lateral direction from the view of the structural features of each wood species.
Materials and methods

Samples
The samples of softwood used were sugi (Cryptomeria japonica), hinoki (Chamaecyparis obtusa), icho (Ginkgo biloba), akamatsu (Pinus densiflora), and kaya (Torreya nucifera). The samples of hardwood used were yamaguruma (Trochodendron aralioides), buna (Fagus crenata), hoonoki (Magnolia obovata), keyaki (Zelkova serrata), and arakashi (Quercus glauca). The densities of these wood species used in this study are shown in Fig. 1 . Each density was measured at oven-dried condition. The annual ring width and the features of each sample are as follows. For the samples of softwood, the annual ring widths of sugi, hinoki, icho, and akamatsu were 1.8, 1.1, 7.4, and 1.6 mm, respectively. The abrupt transition from earlywood to latewood was observed in sugi and akamatsu, but the transition was gradual in hinoki, icho, and kaya. The softwood samples have uniseriate rays. For the samples of hardwood, the annual ring widths of yamaguruma, buna, hoonoki, keyaki, and arakashi were 0.8, 1.7, 1.7, 2.0, and 3.0 mm, respectively. Yamaguruma is vesselless wood, buna and hoonoki are diffuse-porous wood, keyaki is ring-porous wood, and arakashi is radial-porous wood. The hardwood samples have multiseriate ray.
Wood shows different mechanical properties depending on the loading direction [7] [8] [9] [10] [11] 17] ; therefore, three kind of samples with different annual ring inclinations respect to the tensile direction were used. The block-shaped samples with the annual ring inclinations of 0° (tangential direction), 45° (angle between tangential and radial directions), and 90° (radial direction) against the tensile direction were collected from almost the same growth ring band peripheral to the heart wood. Cross-sectional samples with the thickness of about 0.1 mm (longitudinal direction) and with the dimensions of 3.4 mm in width and 20 mm in length were used for the tensile test (Fig. 2 ). These thin samples were sliced by sliding microtome with extreme care not to generate scratches or knife marks which could be the origin of fracture. All samples were soaked in water over 3 weeks at 20 °C and measured in water-saturated condition.
Among the samples, only for icho and akamatsu, we could not make thin samples because the rays were too weak. Therefore, the measurements of icho and akamatsu could not be performed. 
Lateral tensile test
A thermo-mechanical analyzer (manufactured by Seiko Instruments Co., Ltd.; TMA/SS6100) was used in the mechanical tests. All of the measurements were carried out in water kept at the constant temperature, and the temperatures were 25 and 80 °C. The distance between chucks was set to 10 mm, and the strains of the samples were measured with the increasing load of 1 N/min until they were fractured. The measurement results were adopted only for the samples fractured around their central portion, and the samples had exceptional deformation behaviors that were excluded. The number of the samples in the results was adopted 5 per condition. The failure strain was shown as a percentage of the value obtained by dividing elongation before fractured by the chuck distance measured with the minimum load in the device.
Results and discussion
Effects of density on the mechanical properties in lateral tension
The effects of density on the elastic modulus, strength, and failure strain are shown in Fig. 3 . Regression lines are observed for the results with contribution ratios of 0.30 or more. The sample of buna had a very low strength at 80 °C and was difficult to measure; therefore, only the result at 25 °C is shown in the Figures. The elastic modulus at 25 °C was larger than those at 80 °C in all samples. The linear relationship between the density and the elastic modulus which has been verified in the longitudinal direction [1] was not observed in the samples with the annual ring inclination of 90°. The elastic modulus of the samples with the annual ring inclination of 90° was the largest among all the samples, because ray arranged parallel to the tensile direction disturbed the deformation. For the samples with the annual ring inclination of 0°, low correlation was observed in the samples measured at 25 °C. It is confirmed that the elastic modulus of arakashi being radial-porous arrangement measured at 25 °C was significantly lower than the regression line. On the other hand, the samples with the annual ring inclination of 45° showed high correlations between the density and the elastic modulus at both temperatures. The cells in the thin cross-sectional samples of wood are deformable, and the shearing deformation is largely caused in the samples with the annual ring inclination of 45° under the tension [3] [4] [5] .
The reason why the high correlation was obtained mainly in the samples with 45° was considered that the low-density wood with thin cell walls was easy to deform the cell shape by shearing stress. It is considered that the strength is depended on the weakest part in the specimen. Therefore, if there are no defective parts or stress-concentrating parts in the specimens, the strength increases with the increase of the density. However, the correlation between the density and the strength was not observed for the samples with the annual ring inclination of 45° at both temperatures and inclination of 0° at 25 °C. For the samples with the annual ring inclination of 0°, although the variation of the strength was large among the wood species at 25 °C, the strength at 80 °C was roughly aligned. This tendency may suggest that the influence of the structural factors on the strength is remarkable under the low temperature. The low correlation between the density and the strength was observed in the samples with the annual ring inclination of 90°. The ray is arranged parallel to the tensile direction in the samples with the annual ring inclination of 90°. It is also expected that the strength is affected by the ray because the strength of the samples with the annual ring inclination of 90° is the largest among all the samples. However, from the results of the strength measured at 25 °C, there was a plot of yamaguruma located far above the regression line despite the low density and a plot of keyaki located far below the regression line despite the high density. Furthermore, kaya being the uniseriate ray and keyaki being the multiseriate ray showed the comparable strength; even the difference of the density was large between the species. These results indicate that the strength of the samples with the annual ring inclination of 90° cannot be explained by only the structural features of the ray. Therefore, the reason why the strength of keyaki measured at 25 °C was extremely low is considered as follows. In the case of keyaki being ring-porous arrangement, observing the fracture surface in the cross section, the fractures along the vessel arranged in a direction orthogonal to the tensile direction were observed in this study. Similar tendency has been also obtained in the previous study [10] . Therefore, it was considered that the strength tended to be low even though the density was high because the stress was concentrated at the vessels arranged in the direction orthogonal to the tensile direction. The dependence of the density on the failure strain was not observed in the samples with the annual ring inclinations of 0° and 90°. However, for the samples with the annual ring inclination of 45° measured at 80 °C, low correlation between the density and the failure strain was observed, though it was quite small. This indicated that the sample with higher density showed the lower failure strain. The cause of these results is considered as follows. In the case of the samples with low density being the thin cell wall, it is easy to deform the cell shape by shearing stress. If the cells deform easily under the lower stress, it will be possible to increase the amount of deformation before fracture. Furthermore, the amount of deformation increases due to the reduction of the cell lumen caused by shearing stress. Therefore, in the case of the high-density wood, a large deformation hardly occurs since the volume of the void is small.
On the other hand, the interesting point in this result is that the failure strain of sugi with low density is extremely lower than that of hinoki with similar density in the samples with the annual ring inclination of 45° at each temperature. From the results of the strength, the strength of sugi was also significantly smaller than that of hinoki. The transition from the earlywood to the latewood is abrupt in sugi [18] . It is considered that this anatomical feature affected the reduction of the strength and the failure strain. 
Relationships between elastic modulus and strength or failure strain
It is generally known that the relationship between the elastic modulus and the strength is proportional. However, this relation is recognized mainly in the longitudinal direction. Therefore, the relationship between the elastic modulus and the strength was discussed in the lateral tension in Fig. 4 . Except for the samples with the annual ring inclination of 90°, clear correlations were not found at 25 and 80 °C. In the samples with the annual ring inclination of 45°, there was no regularity in the distribution of the values. This result suggests that the lateral mechanical properties are significantly affected by wood anatomical structure. On the other hand, the samples with the annual ring inclination of 90°
showed the relatively high correlation at each temperature. From these results, in the samples related to the mechanical properties of the ray, the high-density wood with stiff ray has higher elastic modulus and strength. The relationship between the elastic modulus and the failure strain is shown in Fig. 5 . From the figure, the distribution of values was various. For the samples with the annual ring inclination of 90° which is greatly affected by the ray, the failure strain tended to increase with increasing the elastic modulus, mainly on the results of the hard wood with high elastic modulus. Especially in the samples with the annual ring inclination of 45°, the low correlation was observed at each temperature and the failure strains decreased with increasing the elastic modulus. As a result of the strength mentioned above, there was no relationship between the elastic modulus and the strength in the samples with the annual ring inclination of 45°. Therefore, it is considered that the amount of deformation before fracture may be large in the samples with the annual ring inclination of 45° with low elastic modulus because the samples can easily deform even with small stress and the strength is not decreased.
However, there was a plot located far below the regression line despite the low density, and this plot was the sample of sugi. These results also suggest that the mechanical property in the lateral tension of sugi may be affected by the factors different from other species such as the distribution of the density of the earlywood and the latewood in an annual ring.
Conclusions
In this study, to clarify the influence of the density on the lateral mechanical properties of various wood species, elastic modulus, strength, and failure strain in the lateral tension were measured. The linear relationship between the density and the elastic modulus which has been verified in the longitudinal direction was not observed in the lateral tension for the samples with annual ring inclination of 90°, which samples were influenced by ray arranged parallel to the tensile direction. However, the samples with the annual ring inclination of 45° showed high correlation between the density and the elastic modulus due to the shearing deformation of the cell shape. On the other hand, proportional relationship between the elastic modulus and the strength which has been verified in the longitudinal direction was not observed in the lateral tension except for the samples with the annual ring inclination of 90°. From the results obtained, it was revealed that the mechanical properties of wood in the lateral direction were significantly affected not only by the density but also by the structural features such as deformation of cell shapes, arrangement of ray or vessels, and the degree of the transition from the earlywood to the latewood.
